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RESEARCH MEMORANDUM

ANATYTICAL, INVESTIGATION OF TURBINES WITH ADJUSTABLE
STATOR BLADES AND EFFECT OF THESE TURBINES
ON JET-ENGINE PERFORMANCE

By David H. Sllvern and William R. Slivka

SUMMARY

An analytical investligation of turbines with sdjustable stator
blaedes wes made to determine cheracteristica and limitations and
to determine the improvement in specific fuel consumption at less
than maximm thrust for jet engines equlpped with thils type of tur-
bine and with edjustable-area exhsust nozzles. Studles were made
concerning: (1) +the necessary variation in stator-exit angle and
exhaust-nozzle area; (2) the performance of & contemporary turbine
equipped wlth varlable-angle stators besed on a one-dimensional
enalysis; (3) a comparison of the probsble performance of conven-
tlonel engines with and without variable-area exhaust nozzles with
engines having adjustable stators, assuming constant component
efficlencies for a wide range of compressor pressure ratios and
turbine-entrance temperatures; and (4) a comparison of the actual
performance of two contemporary Jjet englnes wlth the anslyzed per-
formance, assuming they were equipped with adjustable-angle stators
and veriable-area exhaust nozzles.

Analyses were also made to determine the effect of radius
ratlo on the assumptions used in the one-dimensional anslysis and
on the values of design parameters that result in decreasing rela-
tive rotor-entrance Mach number with increasing turbine-entrance
total temperatures. Charts were comstructed to allow quick cal-
culation of the loss paremeters, relative rotor-entrance-angle
deviation, and rotor-exit whirl loss for off-deslgn~point operation.

The following results were obtalned: (1) The variation in
stator-exit angle and exhaust area was not excessive for wide
ranges of engine thrust output; (2) the variation in turbine effi-
ciency for contemporary turbines with adjustable stators was small
for wide ranges of engine thrust output; (3) improvements from 4.5
to 17 percent (depending on design parameters) in over-all engine
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speclfiic fuel consumption over conventlonal engines, and from 2 to
8.5 percent over engines equlpped with only ad justable-arsa exhaust
nozzles at 60-percent rated power were obtained with the use of

ad Justable-stator turbines and varisble-area exhaust nozzles; and
(4) the improvement in the specific-fuel consumption of the two
contemporary Jet englines with the introduction of adjustable-
gtator turbines and varlable-area exhaust nozzle varied from 5 to

8 percent at 70 percent of maximum power. (These results were
obtalned by assuming that the engines eguipped (with adjustable-stator
turbines and variable-area exhaust nozzles were deaigned for
cruising conditions.)

INTRODUCTION

Jet engines develop maximum output at the point of maximum
compreagor pressure ratlo and burbine-entrance temperature. The
inherent characteristice determined by the necessity of matching
the compressor and turbine work output and mess flow of fixed-
goometry Jet englnes result in a decrease in englne speed and com-
pressor pressure ratio ag the thrust output (and turbine-entrance
temperature) are decreased. This reductlon in compressor pressure
ratio tends to decrease the thermodynemic cycle efflciency and,
wilth the additional losses resulting from off-design operation of
the components, often causes a reduction In over-all engine
performance.

One method of improving the performence of turbojet engines
&t less than maximum thrust is the use of adJustable-area exhaust
nozzles. By adJusting the exhaust ares and thus varying the pres-~
sure ratlo across the turbine, the engine can be kept at constent
gpeed for varlations in thrust and turbine-entrance tempersture.
The compressor pressure ratioc willl therefore decrease less than in
fixed -geometry englnes that operate at veriable speed.

Another method of improving the performance of turbojet
engines at less than meximum thrust 1s to improve the off-design
performance of the compressors by adjusting the compressor bledes.
An enelysls of the performance of axial-flow compressors wlth
ad Justable blades 1s presented in reference 1.

A method that provides even more flexibllity at thrust con-
dltions below meximum ls the combination of adjustable turbine-
entrance stators and edjustable exhaust nozzles that provides two
degrees of freedom, which the contemporary turbojet engine does
not possess. Thus, the engline speed and compressor pressure ratio
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cen be controlled independently of the engine thrust, which per-
mits operation of the engine at crulsing conditions at the highest
allowable engine speed and &t the maximm obtelnable compressor
pressure ratlo; these two factors produce low specific fuel con-
sunmption under cruising conditlioms. As the turbine-entrance tem-
perature is Increesed to changs from cruising to full-thrust oper-
atlon of the engine, adjustment of the angle of the blades of the
turbine-entrance stator lncreases the flow area in the stator to
accommodate the increased volume flow of gas and adjustment of the
area of the exhaust nozzle chenges the turbine pressure ratio in
order to melntein & constant engine speed. In this manner, the
compressor can be so regulated as to operate at a single, efficient
operating condition for a range of turbine-entrance temperatures.
If, as the required englne thrust veries, this single-point oper-
atlon of the compressor does not provide the greatest economy, the
two degrees of freedom provided by adjusting the turbine-entrance
gtator and exhaust nozzle may be explolited to approach optimm per-
formance more closely by varying the engine speed and the compressor
pressure ratio.

In addition to improving the crulsing and full-thrust opera-~
tion of turbojet engines, adjusteble turbine-entrance stators and
exhaust nozzles may lmprove the starting and acceleration character-
istics of the engine. In Jet-engine starting, two problems are
gimpiified by adjustable turbine etabors and exhasust nozzles.

The first is the problem of starting at sea level. During
starting, when the maximum allowable turbine-entrance temperature
1s used, it might be desirsble to change from & point on the com-
presgsor operabing map where the compressor 1z operating at low
efficliency (near the surge lins) to & more efficient operatlng
point. This change may be accomplished by adjusting the turbine
stators, bthereby changing the mass flow through the compressor
and increesing the compressor efficiency and pressure ratio. Lar-
goer accelerating torque may thereby bhe obbained and self-sustained
operatlon may be reached at lower engine speeds.

The second - and highly importent - problem is that of englne
starting after a combustion blow-out at altitude. Adjustment of
turblne stators to reduce the mass flow through the engine and to
Improve campressor efficiency will provide high windmilling speeds
for the englne (ani therefore high burner-entrance pressures) while
maintaining low burner-entrance velocities, thus providing con-
ditione favoreble for lgnition.

An edditional edvantage may be obtained with the use of tur-
blnes with adjustable stators. Unlike contemporary Jet engines s the
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engines equipped with turbines having adjustable stators and

ad justable exhaust nozzlses can probebly operate &t constant speed
for a wide range of thrust. Thus, in changing from low to high
thrust, no delay will occur as 1s usual where acceleration of
high-linertla systems are necessary. An Iincidental advantage of
constant compressor speed and maximum pressure ratlc at crulsing
speed is that the tendency for burner blow-out Iis diminished
because the burner-entrance pressure is higher than for the con-
ventional units, and higher blow-out altitudes at crulsing con-
dltions are thereby attalned.

The performance of a contemporary turbojet engine with an
ad Justable exhaust nozzle ls reported 1n references Z and 3; these
references show that some lmprovement in specific fuel consumptlon
is obtalned by the use of the adjJustable exhaust nozzle. Informa-
tion 1s lacking on the effect of adjusteble exhesmnst nozzles on the
performance of englnes having compressor pressure ratios and
turbine-entrance temperatures higher than those of contemporary
engines, and no information is available on the effect of the com-
bination of edjustable turbline-entrance gtators and adJusteble
exhaust nozzles on engine performsice.

An analysls was made at the NACA Lewls laboratory to investi-
gate the desirabllity of using ad justable-stator turbines in com-
bination with adjustable exhaust nozzles by determining the opera-
t1ing characterlstics of turbines equipped with adJustaeble entrance
stators, by studying the design limitations, and by estimating the
effect on turbojet-englne performance. The secondary purpose of
this ansalysis is to est.mate the effect of adjustable exhaust noz-
zles alone on turboJet-engine performence and to compare this per-
formence with that obtained by using both adjustable turbine-
entrance stators and adjustable exhaust nozzles. The additional
degrees of freedom provided by these variations in englne geametry
change both the performance and the control characteristics of
turbojet englines; this investigation is limited to a study of the
performance characteristics.

The following problems are analyzed herein: (1) the required
ranges of adjustment of turbine stetor-blade angle and exhaust-
nozzle area; (2) the performance of a contemporary turbine modified
to employ an adjustable entrance stator; and (3) the probable per-
formance of turbojet englnes covering a wide range of compressor
pressure ratios and turbine-entrance temperatures with (a) fixed~
geometry components, (b) adjustable exhaust nozzles, and (c) both
ad justable turbine-entrance stators and exhesust nozzles. A com~-
perison 1s also made of the actual performence of two contemporary
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jet engines with the estimated performance, assuming the engines
were equipped with ad justeble-angle stators and adjustable exhaust
nozzles.

Charts are presented that aid in estimating the performence
of ad justable-gtator turbines.

ANALYSTS
Stator-Exit-Angle Displacement and Exhaust-Nozzle-Area Variation

In order to maintaln constant compressor operatlng condltions
(that is, constant speed, pressure ratio, and mess flow), the stator-
exlt angle must be varied to hold the mass flow constant as the
engine thrugst and the turblne-entrance temperature are varled. In
order to determine the range of angular dlsplacement, an analysls
was made assuming that the mess flow through the stator was inde-
pendent of the pressure ratio across the stator. This assumption
is valid for supercritical pressure ratlios. For high subcritical
pressure ratios, this assumption is valid within reasonable limits,
as shown in reference 4, where the variation in mass flow from the
choking value is only about 5 percent at a Mach number of 0.8. With
this assumption (using symbols defined in appendix A), the follow-
Ing equation can be wriltten:

LA P'y b2 ANT'1 ges
Wdes I\/T'l-AZ,d.es P'1,des

(1)

To a first-order epproximation,

Az sin G,z

Az,des Bl 02 geg

Then

v 'y A/T'1 ges 1R %

Vdes p'l,des ‘VT']_ sin a‘z,das
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With the compressor operating at deslign point w = wyo, and
P’y = P’ 1,des? the followling expression holds:

sin ao T'l

sin “Z,des N,T'l,des

Figure 1, obtained using equation (2), shows the stator-exit
angle o2 as a functlon of the ratlo of the turblne-entrance tem-

perature to the design turbine-entrance temperature T';/T'y .4
for various values of o2,des* It is shown that excessive s{',ator-
angle displacements are unnecessary for even large increases of
turbine-entrance temperatures. Thus, for a SO-percent increase of
turbine-entrance temperature, an increment of less than 6° is
required for a design value of 25°.

(2)

During acceleration at maximum turblne-entrance temperaturse,
ad justment of the turbline-entrance stator may be desired in order
to chenge the mass-flow characteristice of the turbine to provide
better compressor operation. At any glven speed, it may therefore
be desirable to change the mass flow that would be obtained with
the stator set at its design angle Vo, des to a new mess flow that

would insure optimm englne operation Vo, 0pt° As In the preceding

dlscussion, except that the stator-pressuf's-ratio term 1s Included,

1
(p 1,a,0pt
Va,opt  P'l,a,0opt VT '1,a,des 318 %opt P2,a,0pt

W Tt gin o D!
a,des 1,a,des A/T'l,a,opt des f( 1,u,,d.es>

Pz,oc,d.es

(3)

At any given speed, p'; 1s approximately constant and for opti-
mum starting T'; should equal the meximum allowable temperature.
For impulse turbines, p; = pz, which 1is constaent for low englne
output because the pressure drop ecross the Jet 1s negligible.

Then
W gin o
o,opt o — opt ()
wa., des oin %aes
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This equation is not qulte true for high-reaction blading, but 1t
does show the trend of the variation, If not the exact magnltude.
The stator-exit angle ap &g a function of the ratlo of welght
flow on the optimum operating line to welght flow at some point
off the optimm line, obteined with the deslgn value of «,
w@,Opt/Va,,des ; 18 shown in figure 2 for various values of Gz geg.
Here again an engunlar displacement of only 6° 1s required for
approximately 20-percent change in weight flow for a design a

of 250,

It is also necessary to very the exheust-nozzle area to main-
tain constant turbine work with turbine-entrance temperature
increesing above the deslign temperebture at the crulsing condition.
An analysis that assumes that the exhaust nozzle is choking and
that the turblne efficiency ls constant 1s presented In appendix B.
The equation that defines the variation of exhaust-nozzle area is

A 1
y=-1 2
As Ty ) Col'1, des T'1,des  Cpt 1,des
A,j,d.es Ttl,t'les 4
-1 =
Ty Al'y __An'y
oL T ooneTt - o
l,des Cpltt 1,des pt 1,de
(5)

The ratio of exheust aree to deslgn exhaust area AJ/A.J des
as a function of T'l/T'l',des: with turbine design pressure ratio
as & parameter is shown in figure 3. It is shown that excessive
Jot-area variation is unnecessary even for a wide range of engine
thrust output. For a bturblne design pressure ratio of 3, a mexi-
mum variation of approximstely 15 percent is necessary, whereas
for a turbine deslgn pressure ratio of 6, a variastion of approxi-
mately 35 percent is necessary for a range of engine ocutput from
design temperature to 150 percent of the design temperaturs.

Turbine Analysis

During off-design-point operation, any turbine will encounter
losses in addltion to those that are inherent at design-polint



8 NACA RM ES0E0S

operation. The greatest additional losses are due to rotor-
entrance-angle deviation, exit whirl loss, and in some cases an
incresse in the relative rotor-entrance Mach number above the
critical value. In order to determine the operating characteristics
of turbines equipped with adjusteble stators, 1t 1s necessary to
evaluate the effect on these three factors of varying the stator-
entrance angle. '

A common method used for determining off-design-point turbine
characteristics 1s one based on one-dimensional flow using certain
coeffliclents for evaluating losses. A method of this type is pre~
sented 1in reference 5, in which the loss due go rotor-entrance-

W
angle deviation 1s assumed to be equal to E%— s1in® Bieve The
2
v
oxit whirl loas —géi— 1s also consldered, but the variations in
the losses due to the changes in the relative rotor-entrance Mach
number are assumed to be negligible.

This method has been used to obtaln the operating character-
1stlce of a representative Jet-engine turbine. Auxiliery analyses
have also been made to determine the effect of radius ratio on the
validity of the one-dimensional analysis, as applied to this part-
icular investigation, and the effect of varying the stator-exit
angle on the relative rotor-entrance Mach number.

A simplified method, presented in appendix C, provides for
the determination of the rotor-entrance angle devietion and rotor-
exlt tangentlal velocity at off-design-point operation. This
method may be uded to glve soms indication of off-design-polint
operation of turbines equipped with adjusteble stators.

One-dimensional enelysis of representative turbine. - Using
the deslgn data and design-point performance of a contemporary Jet-
engine turbine and the method described in reference 5, an snalysis
was mede essuming that the stator-exit angle was adjustable. The
pertinent turbine design data used in this analysis are:

A2,ms 488 . . .. Lot e e e e . SR . « . 28
Po,ms d88 . . . . ... ... c s e e s e s e s .+ . BB
B3,m: o I ¥
T R - L R e o W = 14
Az, 8¢ Tt . . . . . . . L e . e e s et e e h e e e .. . l.28

Hub-to-tip radius ratio . . . . . ¢« & v v v ¢ ¢ v ¢ v« « .« . 0.70
Design speed, Uﬁ/xfez, ftfesec . . . . . . 4 . .. ... . . 604
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In order &0 keep the compressor at 1ts opbtimum operating
point, the results are presented for comstant turbine work, weight
Plow, and speed with the turbilne stabtor-exlt angle varying to
allow these conditions to exist wilth varyling turbine-entrance tem-
perature, which was done by varylng the turbine pressure ratio for
various values of turbine-entrance temperature and stator-exit
angle with constent mass flow and blade speed. The stator-exit
angle, the turbine pressure ratio, and the internal efficiency
were plotted against turbine power output and cross plots of these
variables were made for a constant turbine output. The results
are presented In figure 4. The efficlency curve ghows that the
turbine efficliency ny varies only 0.03 from the value at the
design polnt for & range of turblme-entrence temperetures of 40 per-~
cent. The remeining curves show the corresponding variations of
stator-exit angle and turbine total-pressure ratio with turbine-
entrance temperature. Inasmuch as the turbine efficlency varia-
tion is small for the range of temperatures investigated, it will
be assumed constant in the general analytical treatmsnt of Jet-
engine performance where the turbines operate in this temperature

range.

Effect of turbine hub-to-tip radius ratio on one-dimensional
analysis. - The one-dimensional assumptions did not consider the
effect of changes in the relative rotor-entrance angles with radius.
An analysls, presented in apperndix D, was mede to determine the
range of deviation of relative rotor-entrance angle. Based on
simple radlal equillbrium and free-vortex flow, the radlal varia-
tion of Cges 8nd Byeg Wore determined for various values of
(V,/U)ages aD8 ag.5 &t the mean radius. From figure 1, & new
stator-exlt angle wes determined for each value of a2,des for
T'l/Tll,des of 1.5, and the radial vaeriation of B -B3,y WS

calculated.

In thls analysils two assumptions were mede. The first was
that even at supersonic stator-exit velocltlies the variation of
the flow angle st any radius was equal to the variation of the
blede angle at the stator exit end wes independent of the varia-
tion in pressure ratlo. Reference 6 supports this assumption up
to a pressure ratio of epproximately 2.7 for a particular turbine-
blade configuration. This value will vary depending upon the blede
thickness, pitch, and exit angle. The second assumption used weas
that the change in the tangential velocity at the stetor exit with
increesing temperature was small. The reason that this assumption
could be made was that for constant turbine speed, weight flow,
and turbine output, V‘u’z -Vu,3 mist be comstant and the change
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in Vv, ,3 for the turbine, analyzed as in the previous sectlon,

was investiga.ted for a range in turbine-entrance temperatures from
™ Tt
F——— = 0.9 to g——— = 1.4 anl was found to be negligible.
1,368 1,des
The results of this analysis are presented in figure 5, where
the relative-rotor-entrance-angle deviation £~ Bs ,des is plotted
as & function of radius ratio r/:rm for parameters *of design
stator-exit angle Om,des and design velocity retios (Vu/U)m

It may be seen from these curves that at values of J:'/rm less
than 1, the value of B2-B2,des 1is approximately equal to the
value at the mean radiuvs. This approximate equality indlcates
that, for thils range of r/rm, the losses assoclated wlith relative-
rotor-entrance-angle deviation are conslstent with the asssumption
of the one-dimensional analysis. At values of r/rp greater than 1,
however, the values of Bz ~Bo ,des ere smaller, which indicates
that the one-dimensional analysis resulte in high losses at the
rotor entrance. These hligh losses 1ndicate that the turbine effi-
clencies calculeted, besed on the one-dimensional analysis, are
negligibly low.

Effect of variable stator-exlt angle on relative rotor-
entrance Mach mumber. -~ In the design of turblnes, the relative
entrance Mach number 1s usually Just under the maximum allowable
value at the deslgn point. 4 change in the stator-exit angle from
the design point will cause a change in the relative Mach number,
and en Iincrease 1n the Mach number may result in a sharp decreese
in efficiency. Whether or not the Mach number will inorease or
decreaseé depends on the design conditions. An analysis presented
in eppendix E wes mede to determine the ccmbination of design var-
lables for which the relative rotor-entrance Mach number will
decreese for an increase in stator-exit angle (that is, an increase
in Jet-engine power), for constant turbine work, speed, and mess
flow, using the same assumptlions concerning stator-exit angle and
stator-exit tangential-veloclty variation set forth in the preced-
ing section. The following expression was obtalned for the maxi-
mun allowable stator-exlt angle for decreasing relative rotor-
entrance Mach number wilth lincreasing turblne-entrance temperature
as & function of velocity ratios V,/U amd V,/a'y:




[ . ¥ Izg‘[

oo(e] G- -6 (0 2 - -9

aing =

(8)

Piguye 6 is plotted using the preceding equation, The function of this curve may be
explained by mesns of the following example: If at a given radius the velocity retio
Vu/U 18 equal to 1,8 and the Mach mmber V,/a'; = 1,00, then the maximm stator-exit
angle that will result in e decreasing relative rotor-entrance Mach number with
increasing turbine-inlet temperature is 36.7°. For eny larger staetor-exit angle, the
ralative rotor-entrance Mach number wlll increase and a sptudy of this Mach- number will
be necessary to determlne if the Mach nymber obtained ig above thet which is critical
for the particular set of rotor blades.

The maximum relatlve rotor-entrance Mach mmber ugually ocours at the immer radivs
of the turbine where the values of V,/U sre usually between 1.5 and 2.0, In this Tenge,
the maximm stetor-exit angles that result in decreasing relative rotor-entrance Mach mm-
ber for increassing turblne-entrance temperature are approximately 3L to 40 degrees.

Jot-Englne -Performance Analysis

_ In order to evaluate the effect of variable-amgle-gtator turbines on Jet-engine per-
formance, comparisons mst be made of conventlonal Jet englnes with and without varisble-
ared exhaust nozzles and Jet engines equipped with ed justable-stator turbines and
verlable-area exhaust nozzles. In order to obitain this comparison, two methods were used.
The firat method was a generel anelytical treatment thet included cycle analymia to

obtain squilitrium operating linea for both comventional and ad justeble-stator turbo-

Jot englnes for a wide range of deslgn-point parameters, asauming conatant component
effioclency. The second method was a comparison of the operating cheracteristica as deter-
mined from test data of two contemporary Jet englnss, with the operating cheracteristics of

SOHCSHE Wa VIVH
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Jet englines as analyzed with the following coamponents: +the actual
compressors, the actual combustion chambers, and the adjustable~
stator turbines, together with varlable exhaust areas.

General anslysils of Jet-engine performence. - In this analy-
sis, conventional Jet englnes and Jet enginea equipped with
variable~-area nozzles were compared wilth engines equipped with
ed Justable~angle stators and variable-area nozzles. These com-
parisons were made for various values of maximum compressor pres-
sure ratlio and turbine-entrance temperature. For any one compari-
son, the same value of maxlmum compressor pressure ratlio and
turbine-entrance temperature was assigned to each of the three
types of engine. The equilibrium operating lines of the .conven-
tional Jet englnes end the equilibrium operating lines and the
nozzle-area varlation of the engines equipped with variable-area
nozzles were determined in accordance with the methods described
in reference 7. With the assumption that the englne mass flow is
e function only of engine speed and that the component efficienciles
are constant, it 1s possible to obtaln an approximation of the off-
deslgn operating conditions for any set of deslign parameters. A
further condition applled to the Jjet engines equipped with
varigble-area nozzles was that the nozzle-area variastion weas
esgigned to hold engine speed constant.

For the adjustable-stator turbojet engines, the operating con-
ditions were determined by holding the compressor at its design
point; that is, constant msss flow, speed, compressor pressure
ratlo, and turbine output. The engine output was varied by chang-
ing the turbine-entrance temperature and adjusting the stator-exit
angles and exhaust area. Here ageiln constant component efficiencies
were egsumed. This method of analysis tends to favor the engines
with variable-ares exhaust nozzles, because reduction of turbine-
entrance temperature causes a decrease of the compressor efficiency
due to the large change in compressor pressure ratlo that must
occur at constant speed, whereas 1in this analysis the compressor
efficiency was assumed constant. N

In sccordance with the method for cycle caleculations pre-
sented in reference 8, an analysis was made for both the conven-
" tional and adjustable-stator turbojet engines for two values of
meximum turbine-entrance temperatures and a wilde range of maximum
compresgor presaure ratlos.

Specific fuel consumption, compressor pressure ratio, and
exhaust-nozzle-area variation are presented in figure 7 a8 a func-
tion of percentage of maximum thrust for (a) conventionel engines

1321



TEET

NACA RM ESOE0S - 13

of fixed-geometry components, (b) Jet englmes with varieble-area
exhaust nozzle, and (¢) Jet englnes with veriable-area exhaust noz-
zle and ad justable turbine-enbtrance stators.

Inssmuch as the maximm compressor ratio amd turbine-entrance
temperature occur only at the meximum thrust point for each of the
three types of englne, the specific fuel consumptions are equal at
this point. It mey be seen that for the complete range of compressor
pressure ratlos and turbins-entrance temperatures investlgated,
the use of edjustable turbine stators and varlsble-area exhaust
nozzles results in improvement, at lower than maximm thrust, of
specific fuel consumpbion over both the fixed-geometry Jet englnes
and verlable-area-exhaust-nozzle engines. This improvement varied
considerably, dependiing upon the compressor pressure ratio and
turbine-entrance temperature used at maximm thrust.

Thus, for a maximum turbine-entrance temperature of 2400° R,
the improvement in specific fuel consumptlon over Jet engines with
fixed-geometry components at 60-percent maximm thrust veried from
9 percent at a maximum compressor pressure ratioc of 4 to 4.5 per-
cent at a maximum pressure retio of 12 (figs. 7(a) to 7(d)). For
a meximum turbine-entrance temperature of 3200° R, the lmprovement
at 60 percent of maximum thrust varied from 17 percent at a mexl-
mum compressor pressure ratic of 4 to 11.5 percent at a marximum
pressure ratio of 12 (figs. 7(e) to 7(h)). The improvement of
specific fuel consumption over Jet engines equipped with variable-
ares exhaust nozzles varied from 3.5 percent to 2 peroent at a
meximum turbine-entrance temperature of 2400° R and from 8.5 per-
cent to 3 percent at a maximum turbine-entrance temperature of
3200° R for the same conditions as previocusly given. The small-
est values of improvement shown are probably of 1llttle signifi-
cance because the assumption of constent component efficiencles
may introduce errors of the same order of magnitude. The assump-
tions for the adjustable-turbilne-stetor case are the least uncer-~
tain because they depend on a fixed compressor operating polnt
instead of on constant efficlency wlth variations in compressor
operetion.

It cen be seen that at any given pressure retio the Improve-
ment, at lower than maximum thrust, increases with increasing
turbine-entrance temperature, whereas for any turbine-entrance
temperature the lmprovement decresses wlth increesing pressure
ratio. The reason for the improvement in speciflc fuel consump-
tion 1s that, in almost every case lnvestigated, the turbine-
entrance temperature was above that necessary for minimum specific
fuel consumption at that particular pressure ratlo. Any decrease
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in pressure ratio in comparing one engins with another at any given
temperature (approximately fixed thrust) therefore causzed an
inorease in engine apecific fuel consumption. Thus, the higher
the maximm turbine-enirance temperature is asbove thet which gives
minimum specific fuel conswmption, the greater the improvement
that might be expected from a cambination of ad justeble-angle
turbine-entrance stators and variable-area exhaust nozzles. Also,
because the optimum temperature increases with increasing pressure
ratio, for any given turbine-entrance temperature the Improvement
in specific fuel consumptlon of adjustable-angle-stator turbine
engines will decrease as the maximm pressure ratio increages.
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The use of only verisble-area exhaust nozzles resulted in an
1mprovement of specific fuel consumption over the firxed-geometry
Jet engines for the ocomplete range of thrust Investigated. Here
egain, the Improvement was dependent upon the campressor pressure
ratioc ani turbine-entrance temperature at maximm thrust. For a
meximum turbine-entrance temperature of 2400° R, the improvement
over Jet engines with fixed geometry at 60 percent of maximum
thrust varied from 5.5 percent at a maximum compressor preasure
ratio of 4 to 3 percent at a maxirmm pressure ratio of 12
(figs. 7(a) to 7(d)). For a meximm turbine-entrence tempera-
ture of 3200° R, the Improvement at 60 percent of meximum thrust
varied from 9.5 percent at a maximum compressor pressure rablo of 4
to 8.5 percent at a maximm presaure ratio of 12 (figs. 7(e)
to 7(h)§’?

The range of compressor pressure ratlos over which the com-
pressor will operate for the various configurations is also shown
in figure 7. Thus, although the engine with two variable-gecmstry
components cean attaln constant compressor pressure ratio over the
range of operation, the pressure ratio of the conventional engine
varies from about 25 to 40 percent and pressure ratios of the
englines with variable-area exhaust nozrles vary from about 15 to
25 percent over a range of thrust output from 60 to 100 percent.
These variations willl probably entail losses in compressor effi-
clency. In the variable-ares-exhaust-nozzile engine, these losses
will probebly be larger desplte the smaller pressure-ratio varia-
tion, inasmuch as these variations are assumed to occur at constant
speed.

A comperison is also presented of the variation in exhaust
ares Tor the two variable-geometry-component engines. It can be
geen that at the low pressure ratios the adjustable-angle-stator
engine has less ares veriatlion than the ad justable-exhaust-nozzle
engines, whereas at higher pressure ratios the reverse is true.
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.:égsis of contemporary iet engines with and without adjust-
able sta . - In this anelysis, the operating performances
obtained from experimental data o:t‘ two contemporary Jet englnes
were used., Experimental data of the compressor and combustion
chember were nsed in conjunctlion with an anelysis of adjustable-~
stator turbines to obtain the. operating characteristics of
adjusta‘ble-s'ba‘bor-turbine englnes for comparison.

The performa.nce of ad Justable-stetor-turbine engines was
obtalned for constant compressor operating conditions over the
complete englneo-power range. The turblne characteristics used in
this analysis were obtained in the following menner: The maximm
turblne efficiency wes assumed to be obtained at spproximately
70~percent maximm net engline thrust and the efficlencles over the
remainder of the operating range were assumed to vary with turbine-
entrance temperature ratio, as shown in the section on turbine
analysis. The method for cycle calculatlions ss presented in
reference 8 was used to obtain the over-all englne performance.

Figure 8 presents a comparison of engine performance for a
conventional jet engine and an englne with an adjusteble-stator
turbine with both engines having the same centrifugal-flow com-
pressor operating at & meaximum compressor pressure ratio of 4.40
and turbine-entrance temperature of 1960° R. Figure 9 shows a
gimilar compariscon for Jet englnes having the same axial -flow com-~
pressor wlth a maximum compressor pressurs ratio of 3.90 and at
turbine-entrance temperatures of 1760° R. The improvement in fuel
consumption at 70 percent of maximum engine output 1s 8 percent
for the centrifugal-compressor engine and 5 percent for the axial~
flow compressor englne.

SUMMARY OF RESULTS

An analytical Investigation of turbines with adjustable
stator blades was made to determine their operating characteris-
tics and limitations, to determine the performence of Jet engines
equipped with thils type of turbine and with variable-ares exhaust
nozzles, and to compare the performance with conventional englnes
with fixed geometry and with conventlonal englnes with varilable-
arez exhaust nozzles. The following results were obtalned:

1. The variation in turbine stator-exit angle was not excessive
for wlde ranges of engine thrust output. For a S50-percent increese
in turblne-entrance temperature, an increment of leass than 6° was
required for a design exlt angle of 259,
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2. The necessary variatlon 1n exhaust-nozzle area was not
large, but Increased for higher turbine pressure ratios. A maxi-
mum variation of approximately 15 percent for a deslgn turbine
pressure ratlo of 3 and approximately 35 percent for a design tur-
bine pressure ratlo of 6 were necessary for & range of englne out-
put from design temperature to 150 percent of deslgn temperature.

3. The variation in turbine efficlency from the value at the
design point for a range of turbine-entrance temperatures of 40 per-
cent 1s sbout 0.03 for a contemporary turbine equipped with ad just~
able stators.

4. The Improvement in over-all apecific fuel consumpiion that
may be obtained at 60 percent of maximum thrust with the uwse of
variable-angle-stator turbines and adjustable-area exhaust nozzles
varies from more than 4.5 percent (for a maximum thrust condition
at a turbine-entrance temperature of 2400° R and campressor pressure
ratio of 12) to 17 percent (for a meximum thrust condition at a
turbine-entrance temperature of 3200° R and compressor pregsure
ratio of 4).

For a simlilar range of maximum-thrust parameters, the im-
provement in specific fuel consumption of this confilguration over
engines equipped only with variable-area exhaust nozzles was from
2 to 8.5 percent. In the variable-area-exhaust-nozzle engines,
the compressor losses will probably be larger than in the engines
with the other two confilgurations, and thus the advantages, as
presented for the variable-angle-stator engines over engines
equipped only with varlable-area. exhaust nozzles, are pessimistic,

The smallest values of Improvement shown are probably of
little significance because the assumption of comstant component
efficlencles may introduce errors of the same order of magnitude,

5. Two contemporary Jjet engines with maximm compressor pres-
sure ratlos of 4.4 and 3.9, turbine-entrance temperatures of 1960° -
and 1760° R, and equipped with variable-angle-gtator turbines and
adJustable-area exhaust nozzles gave an improvement in specific
fuel consumption of about 8 and 5 percent, respectlively, at a
crulsing condition at 70 percent maximum engine oubput over com~
parable fixed-geometry Jet engines.

Lewis Flight Propulsion Laboratory,
National Advisory Commlttee for Asrcnautics,
Cleveland, Ohio.
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APPENDIX A

SYMBOLS

The followlng symbols ere used in this report:

L]

flow area, sq ft
An effective annulus area

velocity of sound, ft/sec

o

specific heat at constant pressure, Btu/(1b)(°R)
acceleration due to gravity, £t/sec?

specific enthalpy, Btu/lb

mechanical equivalent of heat, f£t-1b/Btu

Mach number

absolute pressure, 1lb/sq £t

W g B 4 Bo@w

gas constant, £t-1b/{°R)(1b)
redius, £t

absolute temperature, °R
blede velooity, f£t/sec

absolute gas velocity, ft/sec

= o o A3

relative gas velocity, ft/sec

ges weight flow, 1b/sec

4

e

angle of absolute veloclty with tangential direction, deg

angle of relatlve velocity with tangential direction, deg

<N ™

rg.tio of specific heats

) density, 1lb/cu £t
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8 temperature reduction factor (T/T*)

g turbine efficiency based on stagnation conditions neglecting
tengential velocity component

Subscripts:

0 ambient

1 turbine entrance

2 turblne-stator exlt, -rotor entrance

3 turbine-rotor exit

cr state at speed of sound (critical)

des deslign

dev deviation

J Jet

m condition at mean redilus

opt optimum

t turbine

u tangentisl

W relative velocity

x axial

Superscripts:

' stagnetion state

* reference state
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APPENDIX B

EXHAUST-AREA VARTATTON AS FURCTION
OF TURBINE-ENTRANCE TEMPERATURE
In order to determine the range of exhaust-area varilation, an

analysis assuming supercritical or high subcritical velocltles atb
the Jot was made az follows:

. D'z P's
Welght flow w +through Jet = AJ g 5
o}

,\/'-E

For high subsonic or supersonic velooitles at the Jet,

4
f(—i) = constaent
2o

For constant turbine work,

4
Tfs = Tl‘ - Ah t
°p
or

7-1
Ah' Pl 7

t 1 3

Spig T'1 'y

or

Substlituting for T'z and D'z Iin the equation for welght flow
yFields
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7=-1 3
A, f{——=2
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¢
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4
Ay ,( Py )"‘1
'Aﬁ,des T'l,dea

°pt T AR's,
Ty - —
P
Ea 1
=) 2
__A_h:t__)’ (T_l by )
SoMT'1 ) des T'1,des  ©pT'1,des
2 1
7=l 5

Ty ; Ak

[sV]

‘

'1,des W’

% (; - ..ff:i.é)
1,de opT’1,de

()
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APPENDIX C

CORSTRUCTION AND USE OF CHARTS FOR DETERMINATION OF 10SS
PARAMETERS FOR OFF-DESIGN~FPOINT TURBINE OPERATION

The charts for determining the rotor-exit conditions of a
turbine were constructed as follows:

From the energy equation,

y=1

2 _ |y 2L (TN
ot 7+l 8oy

2
where & =p J—— y&RT!?
cr /V)’-i-l 7

and from the exit-veloclty vector diagram

2 2
Y - () (@
&cr Bcr Zcr

the following expression is derived:

L
7-1
2 2
PV q (V. +7 Y.
x _ 1_71 X n x (7)

By assigning values of g:ﬂ?'x/c:'a.cr and V,/2.,., & graphical solu-
tion was used to determine V,/a,, from equation (7) for 7 = 1.30.
Relative rotor-exit angles were then assigned and the values of
U/acy were calculated. For each assigned value of oVy/p'agy,
charts were constructed with values of Vu/acr plotted agalnst
U/a.cr with relative entrance angles £, as a parameter.

The chartes for determining the rotor-entrance conditions
were constructed as follows:



a2z ' NACA RM ES0EQOS

v, /U
tan Bz = X
“h;ﬁ
where
W, 'Vu 7
T U
and
v
tan a = —IE
v, /U
Then

Bs = tan (8)

-1 (v, /U ten «
V,/U -1
When values were assigned to a and Vu/U, B, was calculated

using equation (8), and a chert was constructed with B plotted
against V,/U with the stator-exit angle a as a parameter.

The procedure for application of the charts for determination
of Vu,s and - B, at off-design conditions follows.

For any turbine operating condition, these variables are known:

T turbine-entrance temperature
o stator-exit angle

U blade speed

Bz rotor-blade-exit angle

Ah'y  turbine output (constant)

turbine mass flow (constant)

=

An3 effective rotor-exit annulus area .

1321
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Then
Ah'y

Py = TPy -
1° 5

and
7

amr, \7t
P'z =Py | - —
3 1 ( ntcpT'l)

From the preceding relations, pe'z and a'cr,3 may be determined.
Also

v .
p3 1,3 Ans
Then

P V.

'3 X,3
P 32cr,3

and

T
8cr,3

are also known. With the use of these parameters, gz, and fig-
ure 10,° Vu,3/acr,5 can be determined. With V, 3z known, B

mey be found ag follows:

ARt @7
w2 = gt Vs

and with the use of Vu’z, as, and figure 11, B, can be
determined.

Thus, for any operating condltion, the parameters that effect
the greatest off-design losses can be determlned. The Internal
efficlency 74 must be assumed in the calculatlon of p'z; however,
inasmuch as this assumption affects only the value of p'z for a
first approximation, it will usually be sufficient to use the
design valus of efflciency.
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APFENDIX D

RELATIVE-ROTOR-ENTRANCE-ANGLE VARIATION WITH
RADIUS FOR ADJUSTABLE STATORS
In order to determine the relative rotor-entrance angle along
the redius, 1t 1is necessary to find the stator-exit-angle variation
at the desired off-design point. For vortex flow at the design
point,

Vit = vu,mrm '

V. Y.
tan agoq = == = 8 I (9)
Vo VumTm

At the off-design point,
@ = Xjeg + “'d:ev
where og.y may be determined from figure 1.
For simple radial equilibrium,

2

>

o, .4p
ar p dr
"and.
1 av? L 42,
2gédr padr

for constant energy along the radius.
From the velocity triangle,
v uz (L + tan? a)
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Ccmbining the equillbrium and energy equations and substitut-
ing for V¢ yleld

d(log V) . 1 (_]; + s00® @ tan a d_a._)
dr (1 + 'ba.x:t2 a) M dr

and because o = Ggeg + Tgeys ChED

d(log V) 1
d.r =

)

2
s0c”(tg 05 * Tgev

a( + )
E:T + sect(ageg + 9goy) a0 (Tges + Fev) Gdesar “‘de‘v]

Differentiating equation (9) yields

d.(cr.des) Vy,m cos? %Y es
dr Vu,m Tm
and
d‘(a'd.ev) =0
dr
d(log V)
2
—— = - |cos®(ages + Saev)
arx.
&)
T cos? ayg, ' V.
m es x,m
= t 2 ten (ages + “dev) 7o —
cos” (ages + %gev) e

By integrating this equation and using equation (9) to define agz.q,
V, was obtained as a function of r/rym for various values of Cles
and the valus of agey Was obtained from figure 1, for a

T'1/T') ges ©f 1.5.



26 NACA RM E50EO05

APPENDIX E

VARIATION OF RELATIVE ROTOR-~ENTRANCE MACH NUMBER
WITH TURBINE POWER OUTPUT

In order to determine the variation of the relative rotor-
entrance Mach number from the design point at the cruising condi-
tion, the following analysis was made:

2 W2
he' = 78RTo

inasmuch as

WP = (7,-0)% + v, 2

and
in
tan a = s x >
E;l - g8in” o
then
2 2

‘2 1 2 Vu gin” o
MW = p— (Vu-U) +'—'—§-——
78552 l-s8in"a

Substltuting for T, 1n terms of turbine-entrance tempera-
ture end stator-exit velocity yields

2 ' -1
2 1 vﬁ = sin? o
W= Sy - - (3 o o
l~-8in o

> Vﬁ? sin2 o
(Vy =0)° & e
l -gin" o
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Because
sin a _ Er'”1
8in cgeg VT'I,des
bl Pt
2 2 1 2 2 1
(v, -0) (l - 8in” ageq 'E'_—) + V" 8in” ageq T
sz 1l,des 1l,des
T \
2 — 1 y-1 2
yeR T? (1 - gin’ s)- V.
1 %des T'l,d_e 2 Yu

By differentiating sz with respect to T';, setting the 4if-
ferential equal to zero, and assuming that avu/B‘I”l is zero, the
following eguation 1s obtained:

(% - Dt - |00 () (- D)

2 - 2
ZC—TE-l) sinza.-<—“--1) =0
T U

where

a'y = \reR Ty

Solving for the maximum value of e&in ¢ for which decreasing val-
ues of My are obtained for increesing power ylelds:
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Figure 10. - Continued. Variation of tangential critical Mach
number with blade critical Mach number at rotor exit.
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